Piezoelectricity (a linear coupling between electric and mechanical signals) was discovered in non centro-symmetric crystals by the Curie brothers in 1880. 1 Since then piezoelectricity has been observed in ceramics, 2 certain synthetic 3 and biological polymers, 4, 5 and ferroelectric liquid crystals. 6, 7 Today piezoelectric materials are used in ultrasonic and hydroacoustic devices, 8 for frequency standards, 9 and in electromechanical actuators and sensors. 10 Recently certain cellular polymers internally charged by corona discharge (ferroelectrets) have been found to behave like soft sensitive piezoelectrics. 11 In addition to the corona charges in the voids in these foams, they usually also have to be inflated further with high pressure gas. 12 As a result, these ferroelectrets have long-term stability issues. 13 Here, we demonstrate high converse piezoelectric response of fiber mats composed of ferroelectric barium titanate (BT) nanoparticles dispersed in polylactic acid (PLA) and show that the effective piezoelectric constant per weight is two orders of magnitude larger than that of single crystal BT and of pure piezoelectric ceramic fibers. We propose that this unexpected super-piezoelectricity is due to the electrospinning-induced polar alignment of the particles, and the large surface area of the fibers, similar to ferroelectrets, however without the need of corona discharge and inflation processes.
Electrospun fibers are formed by drawing a solution through a high electric field gradient generated between a nozzle and a collection plate [14] [15] [16] [17] by electric fields of about 1-2 kV/cm, which is smaller than the breakdown field of 3 kV/cm of dry air. This produces very thin fibers with diameters ranging from hundreds of nanometers to several microns. Previously fibers of ferroelectric polymers, such as polyvinylidene fluoride (PVDF), have been electrospun and studied for electro-mechanical energy conversion applications. [18] [19] [20] [21] Several examples of ferroelectric ceramic nanofibers have been fabricated using a sol-gel in the electrospinning process. [22] [23] [24] While the direct piezoelectric responses of ceramic fibers were demonstrated, 25, 26 they are brittle. This problem was recently addressed by electrospinning of multi-material piezoelectric polymer fibers containing ferroelectric polymer PVDF. 27 Recently, electrospun nano-fibrous polymer films containing BT nanoparticles have been evaluated as possible dielectric materials for high capacitor applications, 28 but their piezoelectric properties have not been studied yet.
For the polymer matrix, we chose PLA because it has been used extensively for electrospun fibers, and it is biocompatible. BT nanoparticles are ferroelectric, readily available, and have also been well studied.
The details of the electro-spinning of the PLA/BT fibers (10-14) are described in supplementary material. 35 Figure 1 illustrates the experimental procedure, fiber structure, and the physical model of the piezoelectric response of the PLA/ BT fibers. The solution, containing the PLA and BT particles, was pumped through a needle and drawn by the potential differences between the needle and the collector plate. In our work, we used a conducting indium tin oxide (ITO) coated glass [ Figure 1(a) ] for the collector plate. The nanostructure of the fiber, including BT particles, is shown in Figure 1(b) , where the dark areas correspond to the particles. A mat of the fibers forms on the collector plate. The mat was sandwiched between the collector glass and a second ITO coated glass. The two glass substrates were used to apply an electric field across the fiber mat [ Figure 1 
The bottom glass substrate of the cell was fixed to the microscope stage and only the top substrate was able to move. A schematic of the set-up is shown in Figure S3 of supplementary material. First, we studied pure PLA fibers and PLA/BT films cast from solution. As discussed in Sec. IV of supplementary material, these samples show only electrostatic stress that is independent of the sign of the electric field. Then we measured the electric field-induced change of the thickness of mats of PLA/BT fibers at room temperature. The displacements of the top plate (Dd) were fit by the equation
where c is the piezoelectric coupling constant, and k is the quadratic coupling constant. Figure 2 shows that in nm/V units c ¼ 0.73, 1.23, and 1.98 for the 110 6 10 lm (o), 190 6 10 lm (h), and 260 6 10 lm (D) thick mats, respectively. Interestingly, the largest c value published for single crystal BT films is c ¼ 0.18 nm/V, independent of the film thickness, 29 i.e., 4, 7, and 11 times smaller than we found for our mats, respectively.
Since the mass density of the fiber mat is only about 0.3 g/cm 3 , whereas the BT is 5.9 g/cm 3 ; the converse piezoelectric response per unit weight of our composite materials is two orders of magnitude greater than of the single crystal BT.
The quadratic coupling constant k in nm/V 2 units is 1.53 Â 10 À3 , 3.31 Â 10 À3 , and 5.54 Â 10 4 for the 110, 190, and 260 lm thick mats, respectively. In contrast to the converse piezoelectric response, the quadratic response does not disappear above the Curie temperature, because it is due to the electrostatic attraction stress, r E ¼ 
The error of the measurements of the film thicknesses is 610 lm. Figure 2) . Applying AC voltages above 20 Hz the vibration of the top plate was audible below about 1500 Hz. We measured the frequency dependence of the vibration amplitude of the top plate as described in Sec. III B of supplementary material. The frequency dependence of the amplitude Dd and phase U of the vibration are shown in Figure 3 .
This gives
The frequency dependence can be fitted by the equations of a forced over-damped oscillator, Dd ¼ . This is about 6 times larger than the modulus we measured at DC voltages (see Sec. III D of supplementary material). The difference is probably due to the stiffening of the material with increasing frequencies, which would also explain why the fit to the displacement at high frequencies (see Figure 3 ) deviates slightly from the measured values.
The high converse piezoelectric-type responses presented above require that the BT particles are uniformly aligned and poled in the fiber. The particles are likely aligned by the electric field inherent in the electro-spinning process. The BT particles can easily rotate during the initial stages of the spinning process before the solvent completely evaporates. Evaporation of the solvent, and the hardening of the PLA around the BT particles lock in the orientation of the polarization of the particles normal to the collection plate. [ Figure 1(a) ]. Just as for the ferroelectrets, if a voltage is applied to the electrodes, the effective dipoles of the aligned BT particles contract or lengthen by moving the fibers closer or further from each other. The resulting apparent piezoelectricity of these particles causes the fiber mat to expand or compress whenP is parallel or anti-parallel to the electric fieldẼ [see Figure 1(c) ]. In continuous films, the bound charges of the electric polarization appear only at the surfaces. Consequently, the piezoelectric coupling constant is independent of the film thickness and the fieldinduced deformation is proportional to the voltage (Dd ¼ c Á V) if Dd ( d. In the mats, the bound electric charges appear on the surfaces of the individual ferroelectric particles. Therefore, the total surface area-and consequently the effective piezoelectric constant-increases with the thickness of the mat, just as observed experimentally. Approximating the barium titanate particles by cubes with a ¼ 100 nm sizes (see Figure 1) , and assuming they all are separated by the polymer, the total surface area facing normal to the electric field is N Á a 2 , where the number of particles N can be calculated by knowing that the volume of the particles is 1% of the volume of the whole sample that was 8 Â 10 À8 m 3 for the 200 lm mat. This gives N ¼ 8 Â 10 11 , i.e., a total area of 80 cm 2 , which is 20 times larger than of the bounding plate. This means three times larger effective piezoelectric constant than the 7 fold increase observed experimentally. This is probably because some particles stick together as shown in Figure 1(b) , thus decreasing the effective surface area.
The efficiency of our experimental fiber mats can be estimated by the ratio of the useful work done on the cover plate
, and of the electrical energy
2d pumped in the sample. With the mass of m ¼ 2.5 g, h ¼ 200 nm at V DC ¼ 100 V and with e ¼ 1.1, we get 5% efficiency, which would increase with increasing load, as the compression and extension losses of the fiber mat would decrease with smaller displacements.
To summarize, we developed stimuli-responsive electrospun fibers that incorporate ferroelectric barium titanate particles. The apparent piezoelectric constant of the mats formed from these fibers is proportional to the mat thickness d, and for d ¼ 0.2 mm, the displacements are about an order of magnitude larger than in single crystal BT films. The physical origin of this apparent super-piezoelectricity is basically the same as the charged polymer foams with the important difference that here the poling is not due to corona discharge, but is the result of poling the ferroelectric particles during the electro-spinning process. We note that tetragonality and therefore the piezoelectric coupling constant may change with the size of the particles, 30, 31 so the ratios of the effective surface areas are not necessarily the only factor determining the effective piezoelectric constant. Other effects, such as interfacial piezoelectricity 32, 33 may also contribute to the apparent piezoelectricity of the composite fiber mat of our studies. Importantly, the compression modulus of the mats is similar to that of biological cell tissues (such as muscles, liver, loin), 34 simplifying matching mechanical impedances that will provide the highest energy conversion efficiency. The fiber mats are lightweight and the PLA is biocompatible, offering a myriad of applications ranging from active implants, artificial muscles, sensors, to textiles that contract or expand upon application of an electric field.
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